When two biopolymers are mixed together, they will normally phase separate to give two distinct phases. If the biopolymers are gelled during this phase separation, for instance by reducing the temperature, one phase is trapped in this other one and an emulsion-like composite structure is obtained. In this study, we investigated the effect of volume fraction and droplet size of this dispersed phase on the mechanical properties of maltodextrin/agarose gel composites, where agarose is the dispersed phase. Mechanical properties of the different composites were investigated under large deformation using a rheometer with a vane geometry. These composites were also observed by confocal microscopy, allowing conclusions to be drawn regarding the microstructural origins of the observed mechanical behaviour.
INTRODUCTION
Investigations of biopolymer interactions in gels have become increasingly critical for the food industry. An understanding of the behaviour of mixtures of biopolymers is necessary for modelling and improving conventional foods, controlling the functional properties of foods with added biopolymers and for developing novel formulated foods. Moreover, since it is difficult to acquire food approval for new polysaccharides, the food industry has turned to mixtures of proteins and polysaccharides to generate new textures or new applications.
When two biopolymers are mixed together, they generally separate into two distinct phases due to their thermodynamic incompatibility. Each phase is enriched in one biopolymer and depleted in the other. This behaviour of mixtures of biopolymers in aqueous solutions is characterised by a phase diagram, which defines the approach to study the effect of phase volume on the composites was first to separate the two phases of a maltodextrin/agarose mixture (12.5 % maltodextrin / 5% agarose) and then to remix them in different ratios with maltodextrin being the continuous phase. In this way, the phase compositions of the composites are always the same (assuming no water repartition on gelling). The first step of this study consists of characterising by rheology and microscopy these two phases, termed maltodextrin and agarose rich phases, as well as the interfacial strength between the two gelled phases, which is an important parameter in determining the mechanical properties of the composites [14 -17] . Knowing the effects of phase volume, droplet size and phase structure on mechanical properties of maltodextrin/agarose mixtures should help our understanding of how to control biopolymer mixtures in food formulations and to obtain the desired texture.
MATERIAL AND METHODS

MATERIALS
Maltodextrin and Agarose
The food grade maltodextrin (Paselli SA2) used in this work was obtained from Avebe (The Netherlands). Paselli SA2 is an enzymatically converted potato starch based product with a dextrose equivalent (DE) of less than 3. A DE of 3 corresponds to a number average degree of polymerisation of 33.3. There was no glucose present in the sample (information from the supplier). Paselli SA2 is available as a white powder, with a water content of 5% (by dry weight). In all the figures, the term "SA2" was used as a synonym for maltodextrin.
Agarose type Ia (Sigma-Aldrich, UK) was used. The sample had a sulphate content of less than 0.2% and an ash content lower than 0.6% (information from supplier). In all the figures, the term "Ag" was used as a synonym for agarose.
Preparation of maltodextrin/agarose solutions and gels
The tie-line based on an overall mixture of 12.5 % SA2 / 5 % Ag was chosen so that, after phase separation, the concentration of maltodextrin in the maltodextrin rich phase is high enough to form a gel and the concentration of agarose in the domain of immiscibility of the system and also establishes how the solvent partitions itself between the two phases. The phase diagram of the biopolymer mixture investigated here (maltodextrin/agarose) has previously been published [1] .
However, additional complexity is introduced when gelation can occur in one or both of the components. Phase separation and gelation become competing processes and several alternative gel microstructures are possible. The resultant structure of the mixtures of gelling biopolymers depends not only on the nature of the polymers themselves but also on the degree of miscibility of the polymers in solution, the kinetics of phase separation and gelation, and the thermal and flow history to which the mixture is subjected (for example, see [2 -4] ). When dealing with such mixed gels, it is important to relate the gel properties to microstructure and to understand the origins of the latter in terms of thermal and mechanical histories. Few studies exist correlating microstructure measurements with mechanical ones ( [5] for agar/BSA system, and [6] for agar/gelatin mixtures). In this study, microscopic investigations of samples tested rheologically were carried out.
By using a rheometer equipped with a vane geometry, studies on mechanical properties of maltodextrin/agarose composites could be conducted under small and large deformation on the same sample. This geometry has become a popular tool to characterise the yield stress of structured fluids [7 -12] . However, it has not often been used to characterise the textural properties of semi-solid foods. Only Truong and Daubert [13] have validated the vane technique as an alternative to torsion and compression for rapid textural characterisation of viscoelastic foods. The vane technique also has the advantage that it can be used for weaker materials than is possible with the compression technique.
The effect of phase volume, droplet size and phase structure on the mechanical properties of maltodextrin/agarose mixtures were investigated for composites with same composition of the individual phases, i.e. on the same tie-line. It was previously shown that the phase separation behaviour of maltodextrin/agarose mixture depends on the starting concentration of maltodextrin due to its molecular weight polydispersity [1] . It was thus decided that a suitable agarose rich phase gives a solution that is not too viscous [1] . The required quantity of maltodextrin and agarose powders were mixed, dissolved in the required quantity of water at room temperature for 10 minutes and, then immersed in a boiling water bath for 30 minutes. To accelerate phase separation, the hot solutions were placed immediately in a pre-heated rotor and centrifuged for 3 h at 60ºC and 13000 g using a Beckman ultracentrifuge (Beckman, L-8M, USA). Centrifuging at higher speed (55000 g) or longer time (9 h) did not affect the phase volume after separation. While rotating, the tubes were perpendicular to the axis of the motor, which generated a clean phase separated solution with the maltodextrin rich phase being the bottom phase. The hot solutions of agarose and maltodextrin rich phases were then separated and stored in an oven at 60ºC prior to the preparation of the maltodextrin/agarose composites. Maltodextrin and agarose rich phases were mixed in different proportions to obtain composites of 30 g with different phase volumes. The solutions were mixed at 98ºC for 10 minutes in a 100 ml glass bottle (50 mm diameter). Different speeds of mixing were applied using an oval 35 mm magnetic stirrer, to control the size of the droplets: 400, 800, and 1000 rpm.
Gel samples were prepared by pouring the mixed solutions into cylindrical pre-cooled perspex moulds (13.5 mm deep and 12.3 mm diameter). The moulds were overfilled to avoid air bubbles and the excess gel was forced out while sealing. The moulds were stored in a water bath at 10ºC overnight.
METHODS
Rheological measurements
Small and large deformation measurements were carried out in an ARES controlled strain rheometer (Rheometric Scientific, USA) using a vane geometry (4 blades, diameter: 8 mm, height: 8.5 mm). The gelation of the different composites prepared was followed by small deformation measurements of G' and G'' as a function of time (amplitude strain: 0.5 % and amplitude frequency: 1 rad/s, 18 h) and then a shear strain rate of 0.05 s -1 was applied to observe the fracture properties of the composites. The sample was poured into the cup geometry already set at 10ºC to obtain the quickest cooling rate. To prevent slippage at the outer walls, a wire mesh cylinder was inserted into the cup, which reduced the diameter of the cup to 30 mm.
In order to assess the interfacial strength between maltodextrin and agarose gels, 8% agarose gels were formed in cylindrical moulds, from which they were pushed half way. The remaining space was filled with 30% maltodextrin solution at 60ºC to avoid the melting of agarose gel. The samples were stored in a water bath at 10ºC overnight. Tests were carried out by attaching the extremities of the gel cylinder to the top and bottom plates of the Instron (Instron Universal Testing Machine Model 4501, U.K.) using cyano-acrylate adhesive and using the tensile mode. The top plate was then pulled up at a 25 mm/min displacement rate. Figure 1 shows the principle of the method.
Confocal Scanning Laser Microscopy (CSLM)
Maltodextrin/agarose mixed gel composites were observed using confocal microscopy. The system consisted of a MRC 600 CSLM (Bio-Rad Laboratories, UK) attached to an Ortholux II microscope (Leica Microsystems, UK). The CSLM was operated with an argon-krypton laser, with excitation at 568 nm and emission collected at 585 nm. A 20x objective lens was used with no zoom. Structural observation was typically conducted about 100 μm underneath the top surface of the sample being examined. Imaging at this depth minimised any surface related optical artefacts. To increase the signal to noise in the images, multiple scans were averaged (Kalman filtered) during data collection. The samples were stained with Rhodamine-B to provide a high level of contrast between the agarose and maltodextrin phases. For the micrographs presented here, the maltodextrin stains more intensely and appears light, whereas the agarose appears dark.
Size distribution of agarose droplets in maltodextrin/agarose composites
Size distributions of the gelled dispersed phases were determined using static light scattering (Mastersizer χ, Malvern Instrument, UK) with a 300 mm lens. To obtain dispersions of the agarose rich dispersed phase suitable for measurement, the following procedure was used. The gelled agarose rich phase was isolated from the maltodextrin matrix using an Ultraturrax T25 (Ika Labortechmik, Germany) at 8000 rpm for 5 minutes. The samples were then centrifuged at 2000 g for 10 minutes (Sorvall centrifuge, RC 3S, UK) and the sediment with the agarose droplets kept. This step was repeated a number of times until all maltodextrin gel was removed, which was checked by bright field microscopy. Care was taken to ensure the process did not damage the gelled agarose rich phase structure.
RESULTS AND DISCUSSION
RHEOLOGICAL AND STRUCTURAL CHARAC-TERISATION OF THE MALTODEXRIN AND AGAROSE RICH PHASES
Since the composites are prepared from the maltodextrin and agarose rich phases and not from the pure systems, the two separated phases obtained from the phase separation of 12.5 % SA2 / 5 % Ag were characterised by rheology (small and large deformation) and microscopy. The mechanical properties and microstructure of the two phases are not the only factors that influence the mechanical properties of biopolymer mixed gels, the interfacial strength between the two gels also plays an important role and therefore has been characterised for maltodextrin/agarose system.
Rheological characterisation of maltodextrin and agarose rich phases
In Fig. 2 , the evolution of G' and G'' as a function of time is shown for the agarose and maltodextrin rich phases obtained from the phase separation of 12.5 % SA2 / 5 % Ag mixture. For the agarose rich phase, G' increases very quickly to a final value due to agarose network formation. Maltodextrin, which only forms a gel at concentrations higher than 17 % [18] , is not detected by rheological measurements in the agarose rich phase. The agarose concentration was estimated to be 9.1% by FTIR measurement [1] . In contrast, for the maltodextrin rich phase, Fig. 2 shows that (i) the elastic modulus quickly reaches a plateau, which is a characteristic feature of agarose gelation and (ii) a second increase of G' is observed at longer time-scales (t > 10000s), which can be attributed to maltodextrin gelation [18] . This indicates that the quantity of agarose present in the maltodextrin rich phase is large enough to gel (1.2 % from FTIR measurement [1] ). The agarose rich phase shows a higher gel strength than the maltodextrin rich phase. The final values of G' for maltodextrin and agarose rich phases are estimated to be respectively 24.5 and 905 kPa. Therefore, when the two phases are mixed in a proportion where the maltodextrin rich phase is in excess, the system behaves as a soft matrix with a hard filler.
The same gelation profile and final values for G' and G'' were found when a Couette geometry was used (result not shown), which confirms the validity of using the vane geometry as a rheological tool for small deformation measurements. Also, Fig. 2 shows that the results are reproducible.
Large deformation measurements using the vane geometry could only be made on the maltodextrin rich phase gel, since the agarose rich phase gel was too strong for the torque range of the rheometer. From Fig. 3 , the shear modulus, the shear stress and strain at failure, denoted respectively σ f and ε f , can be determined for maltodextrin rich phase gel. They are respectively 19.8 ± 1.3, 4.8 ± 0.03, and 0.2730 ± 0.0141 kPa. Figure 3 also shows that the measurements are highly reproducible.
Microstructure of maltodextrin and agarose rich phases
The microstructure of the maltodextrin and agarose rich phases was observed by confocal microscopy at 10ºC. Figure 4a shows dark droplets of agarose within the maltodextrin rich phase. Agarose must also be present in the matrix as an agarose gel network is seen when the small deformation behaviour of maltodex- trin rich phase is measured (see Fig. 2 ). This agarose network cannot be observed by confocal microscopy and could not be distinguished from the maltodextrin network by transmission electron microscopy. Figure 4b shows droplets of maltodextrin in the agarose rich phase. It is unclear why these droplets are present. The presence of the droplets cannot be explained by incomplete phase separation since when the maltodextrin/agarose mixture was centrifuged at 55000 g for 3 h or 13000g for 9h, the same microstructure was observed. These droplets were also observed when the composites were at 60ºC. Thus their presence does not appear to be due to secondary phase separation during gelation.
Interfacial strength between maltodextrin and agarose rich phase
The strength of the interface between the two biopolymers is an additional factor that must be taken into account in the study of mechanical properties of mixed gels. Normand et al. [19] and Plucknett et al. [20, 21] have shown that the large deformation/failure behaviour of gelatin/maltodextrin and gelatin/agarose is strongly influenced by the fracture energy of the interface between the two phases. Gelatin/maltodextrin composites exhibit a "pseudo-yielding" stress/strain response under tension and compression, when the gelatin rich phase was continuous, whereas gelatin/agarose composites and maltodextrin continuous gelatin/maltodextrin composites showed a linear elastic response. Plucknett et al. [20] attributed this "pseudoyielding" behaviour to formation of stable voids by debonding of the particle/matrix interface due to a weak interaction between maltodextrin and gelatin. Langley & Green [16] and Langley et al. [17] also showed that whey protein gels containing glass particles with hydrophilic surfaces were much stronger in compression than those with hydrophobic surfaces. They fractured through the protein matrix, whereas for the whey protein gels with hydrophobic surface particles, fracture occurred adjacent to the particle surface.
To assess the interfacial strength between the two phases, a tensile test was applied to composite cylinders consisting of one half of 8 % agarose and the other half of 30 % maltodextrin. The location of the fracture should give an indication of the interfacial strength. If failure occurs at the interface between the two gels, the adhesion between maltodextrin and agarose is weak, whereas if the failure occurs in one of the gelled phase, a strong interaction is present between these two biopolymers. Figure 5 shows that the fracture occurred at the interface of the two layers and left a very clean interface, suggesting that the interface between maltodextrin and agarose is very weak. Additionally, the interface was so weak that no measurable force was detected during the test. Following this observation of the weak interface strength between the two gels, the harder gel being the filler, pseudo-yielding behaviour might be expected during large deformation of the maltodextrin/agarose composites. A typical behaviour of maltodextrin/ agarose composite gel with maltodextrin as the continuous phase under large deformation is shown in Fig. 6 and shows a linear relation between stress and strain until failure. The absence of pseudo-yielding could be explained by the early fracture of the sample. For maltodextrin/gelatin system with gelatin as the continuous phase, Plucknett et al. [20, 21] observed yielding at a strain around 0.2 and fracture around 0.45, whereas the present sample failed at around 0.2. Hence it may be that the matrix deformed and fractured before formation of stable voids between the agarose particles and maltodextrin matrix could happen. It may be also that the interface strength was so weak that voids formed immediately on application of a strain.
EFFECT OF PHASE VOLUME AND DROPLET SIZE ON MECHANICAL AND STRUCTURAL PROP-ERTIES OF MALTODEXTRIN/AGAROSE GEL COM-POSITES
In the following, we discuss the effect of phase volume and agarose rich phase droplet size on the large deformation mechanical properties of maltodextrin/agarose composites and compare this with the microstructure of the mixed gels observed by microscopy and light scattering.
Effect of phase volume on mechanical and structural properties of maltodextrin/agarose gel composites
All the composites studied in this section were mixed in different phase volumes (from 0 % to 30 % agarose rich phase volume) at 400 rpm. From the stress/strain responses of maltodextrin/agarose composites at different phase volumes measured using the vane technique, the three main parameters characterising the large deformation properties of gels could be determined, i.e. the shear modulus, G, and the shear stress and strain at failure, denoted respectively by σ f and ε f . The effect of agarose rich phase volume on these parameters is shown in Figs. 7a and b . Figure 7a shows that only at the highest agarose rich phase volume (30 %), is an increase of the shear modulus observed. At lower agarose rich phase volumes, the shear moduli of the composites are lower than that of the maltodextrin rich phase alone. Concerning the fracture properties (Fig. 7b) , an effect of phase volume is only observed at the highest agarose rich phase volume on the stress at failure. In contrast, at this phase volume (30 %), the strain at failure of the mixed gel is the same as the matrix. No difference in the stress and strain at failure can be observed between the mixed gels with 10, 20, and 25% agarose rich phase volume. Composites with lower agarose rich phase volume break at the same stress and at higher strain than the matrix. The decrease of the shear modulus, the constant values of the shear stress at failure and the higher values of the strain at failure when low volumes of agarose rich phase are included could be due to the weak interface present between the two phases. This could lead to the presence of voids between the particles and the matrix, which could reduce the strength of the composites and make them more deformable.
That an effect of phase volume on large deformation properties of maltodextrin/agarose gel composites is only observed at the highest agarose rich phase volume is surprising. The typical effect of reinforcement of the composites when a hard filler is added is not observed. As an attempt to understand this behaviour, the microstructure of the samples was observed by confocal microscopy and light scattering.
Maltodextrin/agarose gel composites at different phase volumes were prepared in moulds and these cylindrical samples placed under a confocal microscope. Figure 8 shows the microstructure of these composites. Over the agarose rich phase concentration range 10 to 25 %, a clear trend of increasing droplet size is observed, which is confirmed by the size distribution mea- Fig. 4 ).
surements. Figure 9 shows that the agarose rich phase droplet size increases with an increase of the agarose rich phase volume. The size distribution becomes broader with the increase of the phase volume of agarose rich phase, which suggests that coalescence has taken place. The small particles present (lower than 10 μm) are probably the remains of the maltodextrin broken gel. At 30 %, however, droplets are no longer observed and a bicontinuous network appears to be present (see Fig. 8 ).
Confocal microscopy suggests that the increase of gel strength observed at the higher agarose rich phase volume (30 %) results from a drastic change in the microstructure of the composites from a particulate composite to a bicontinuous network. At lower agarose rich phase volumes, conclusions cannot be drawn regarding the effect of phase volume on mechanical properties as another factor is involved: the droplet size does not stay constant as the phase volume of the dispersed phase increases. The effect of phase volume and droplet size, both of which influence the mechanical properties of mixed gels, may cancel each other out, resulting in a very small effect of hard filler on composite properties. Because of this, studies were conducted on the effect of droplet size on the mechanical properties of maltodextrin/agarose. The results from this are discussed below.
3.2.2Effect of droplet size on mechanical and structural properties of maltodextin/agarose gel composites
In order to investigate the influence of agarose rich phase droplet size, composites were prepared at constant phase volume under different mixing conditions. Three different mixing speeds were employed (400, 800 or 1000 rpm) and the mechanical properties and microstructure of the resulting mixed gels were investiDroplet size / µ µm gated. Here, an example of a mixture of 80 % maltodextrin rich phase with 20% agarose rich phase is given. Unfortunately, no difference in droplet size was observed for different mixing speeds (Fig. 10a) . The size distribution of the droplets present in maltodextrin/agarose gels composites, determined using a mastersizer confirms that the three composite gels have the same droplet size distribution. The similarity in microstructure observed most likely arises from the sample being quenched too slowly in the moulds. Indeed, when samples mixed at 400 or 800 rpm were quenched on a microscopic cover slide already set at 10ºC, different droplet sizes for the two samples could be observed (Fig. 10b ).
An attempt was made to increase the quenching speed by using aluminium moulds instead of perspex, which have a higher thermal conductivity and thus a better thermal response, but the gels still had the same droplet size. It seems that the slow quench rate in the moulds allows sufficient coalescence to occur for the influence of stirring speed on droplet size to be lost, and no samples with different droplet sizes can be prepared using this method. Since the composites mixed at different speeds have the same composition, phase volume and droplet size, the mechanical properties should be the same, which is confirmed by Fig. 11 .
Summary of effect of phase volume and droplet size on mechanical and structural properties of maltodextrin/agarose composites
Figures 12a, b and c summarise the effect of agarose rich phase volume on the shear modulus and the fracture properties of maltodextrin/agarose composites prepared at different mixing speeds. Figure 13 shows the microstructure of the different maltodextrin/agarose composites observed by confocal microscopy. Table 1 summarises the average size of the agarose rich phase droplets determined using a mastersizer. What is interesting to note here is that the effect of agarose rich phase volume on the mechanical and structural properties of maltodextrin/agarose composites at high agarose rich phase volumes depends on the mixing conditions. At 25 % agarose rich phase volume, when maltodextrin and agarose rich phases are mixed at 400 rpm, a maltodextrin/agarose composite with agarose rich phase droplets is observed whereas if the phases are mixed at higher speeds, In contrast, the strain at failure is not affected by the mixing conditions. From this observation, it can be concluded that the slower the solutions are mixed, the higher is the phase volume of the dispersed phase that can be included in droplet form. Moreover, as can be seen in Fig. 12 for samples prepared at 800 and 1000 rpm, when a bicontinuous network is formed, increasing the phase volume of agarose rich phase, increases the modulus and stress at failure of the composites and decreases the strain at failure, resulting in a stronger and less deformable mixed gels. Further increase of agarose rich phase volume should result in a phase inversion with the agarose rich phase becoming the continuous phase. It is interesting to note that the range where neither of the biopolymer rich phases dominates the microstructure is quite large.
CONCLUSIONS
Maltodextrin and agarose rich phases from the phase separation of 12.5 % maltodextrin / 5 % agarose were mixed in different proportions and mixing conditions to prepare gel composites with different mechanical and structural properties. As an alternative to the more usual compression or tensile testing approaches, the vane method was used for investigating large deformation behaviour, and proved particularly useful for the testing of very weak samples. It proved difficult to evaluate the separate influences of phase volume and droplet size in these studies since the two properties proved to be intimately linked in that the droplet size depended mainly on phase volume and hardly at all mixing conditions. These results show that rheological measurements on their own may not be sufficient to understand the behaviour of this type of material and that structural analysis (e.g. microscopy) should always be coupled with rheological studies.
Despite this, interesting conclusions can be drawn. An effect of phase volume on mechanical properties of maltodextrin/agarose was only observed at high agarose rich phase volume when the composite structure changed from a droplet structure to a bicontinuous network. This formation of a bicontinuous network resulted in an increase of the modulus and shear stress at failure but in no change in the shear strain at failure. The formation of this bicontinuous network depended on the mixing conditions. Increasing the speed of mixing reduced the phase volume range where "emulsion-like" structure can be obtained. When a bicontinous network was formed, an increase in the phase volume of agarose rich phase gave a stronger, stiffer and less deformable composite. This is a very interesting observation for the processing of mixed biopolymer gels in general.
To summarize, it seems that, depending on the proportions in which the two biopolymers are mixed together as well as the speed at which they are mixed and gelled, the structure of the mixed gels can go from a phase separated network to a bicontinuous network, with very different mechanical properties. Additionally, it seems that coalescence in biopolymer liquid mixtures is sufficiently rapid that it can be the determining factor regarding the microstructure of the final gelled composite. In other words it is quite possible that the gelation kinetics of the biopolymers in the mixture are likely to be so slow compared to the rate of coalescence that the influence of processing history on the final gelled microstructure may be minor. In order to study independently the effect of phase volume and droplet size of the dispersed phase on maltodextrin/agarose gel composites, a different method of preparation of the mixed gels was developed. The results are discussed in forthcoming part of this article.
